A lunar lander is exposed to extreme lunar thermal environments with a nighttime of 14.75 earth days. Thus, a proper thermal design is an important task to guarantee a successful lunar mission. This paper describes a preliminary thermal design and analysis results of a lunar lander to ensure its survivability during lunar night. The effectiveness of the thermal designs of a lunar lander with various thermal hardwares was numerically investigated according to the landing candidate areas to determine which design is the most feasible for night survival. In addition, we analyzed the mechanical safety of the solder joint of electronic components in accordance with the operating temperature range, because it is an important factor for reducing the system power budget during night survival.
Introduction
After lunar exploration missions have been initiated by competition between the USA and Soviet Union in the field of space technology development in the 1960s, numerous lunar lander missions have been undertaken for the purposes of scientific research and excavation of resources such as water and rare-earth elements [1] [2] [3] [4] . Recently, universities and institutes around the world have also been participating in challenging lunar missions using pico-class miniaturized CubeSats or micro-rovers as a cost-effective means of education and technology verification [5] [6] [7] .
Lunar landers are exposed to severe lunar thermal environments with a daily surface temperature difference of approximately 300°C owing to the absence of atmosphere to absorb heat energy and the high absorptivity and emissivity values of lunar regolith [8] . The low thermal conductivity and thermal capacity of the lunar regolith also contribute to the surface temperature difference. In addition, lunar missions are rendered more challenging by the extremely cold lunar nighttime of approximately 14.75 earth days without sunlight. To ensure successful lunar lander missions, a proper thermal design is important to maintain the onboard equipment within their acceptable temperature thresholds under a harsh lunar thermal environment, especially during the nighttime.
For the thermal design of a lunar lander, radiator surfaces coated with thermal coatings or second-surface mirrors (SSMs) are employed to reject the waste heat produced by on-board equipment into space and to reduce the absorption of external solar fluxes [9] . The rest of the external surfaces are covered with multilayer insulation (MLI) to protect the lander from incident environmental heat fluxes. Excessive heat loss through the radiator during the nonoperating state of equipment is compensated by a heater. An electrical-resistance-type heater is suitable for this purpose and has been widely used in earth-or lunar-orbiting satellites experiencing an eclipse period ranging from a few minutes to hours. However, the use of an electric heater as a primary heat source in a lunar lander might lead to the excessive weight and size of electrical power systems including the solar arrays and batteries required to survive during 14.75 earth days of nighttime [10] .
Therefore, in previous lunar missions, a radioisotope thermoelectric generator (RTG) has been used to reduce the reliance on solar energy for electrical power generation [11] [12] [13] . An RTG is an electrical power generator that uses a thermoelectric device to convert heat energy produced from the decay of a radioisotope into electrical energy via the Seebeck effect. The main advantages of RTGs are the stability of power generation regardless of day and night periods and a long lifetime achieved by the use of a radioisotope with a half-life ranging from a few years to several decades. The application of RTGs to a lunar lander enhances its survivability and extends the mission during nighttime. In the Apollo 12, 14, 15, 16, and 17 missions, systems for nuclear auxiliary power-27 (SNAP-27) RTGs were employed to supply power to Apollo Lunar Surface Experiment Packages (ALSEPs) [11] . They had reliably functioned beyond their mission design lifetime of one year. In addition to the lunar missions, numerous interplanetary exploration missions have also used several types of RTGs and demonstrated their reliability [12, 13] . However, these RTGs are still less advantageous for night survival of a lunar lander because of their large weight, low energy conversion efficiency of less than 10%, and inefficient process of converting heat into electrical power and thereafter using it to operate an electric heater [9] . The high development cost, safety assurance, and political criticality related to the use of a radioisotope material, such as plutonium-238, also make it difficult to apply RTGs in space programs.
A radioisotope heater unit (RHU) has been developed to overcome the disadvantages of RTGs [10, 14, 15] . An RHU directly provides the heat energy of a decaying radioisotope to on-board equipment without consuming electrical power like an electric heater. In addition, the RHU does not perform the energy conversion process, and hence, it is much simpler and smaller than the conventional RTGs. The NASA jet propulsion laboratory has developed a light-weight RHU (LWRHU) for space applications [14] . A plutonium-238 oxide ( 238 PuO 2 ) pellet capable of producing thermal power of 1 W is contained in the cylindrical holder, which consists of encapsulation clad, insulator, and aeroshell. The dimensions of the LWRHU are a diameter of 26 mm and height of 32 mm with a mass of approximately 40 g per unit, and thus, it is easily applicable to dispersed locations on the spacecraft. In addition, a 238PuO2-based RHU called Angel with the thermal power of 8.5 W has been developed and employed in the Russian Mars explorer Mars 96 [15] .
In addition to the radioisotope-based technologies, Okishio et al. [16] proposed a lunar overnight method based on passive thermal control using the characteristics of regolith whose temperature remains constant at a depth of approximately 0.3 m or more. Aluminum cantilever rods, which are installed vertically on the bottom side of a lunar lander, penetrate into the subsurface of the regolith when the lander is landed on the moon for heat exchange between the lander and the constant-temperature layer of the regolith. This makes it possible to use the regolith as a heat sink during daytime, while using it as a heat source for nighttime survival. The effectiveness of this method was numerically and experimentally validated under a simulated lunar thermal vacuum environment. However, this method involves additional mechanisms and actuators to penetrate the rods into the regolith, thus rendering it difficult and complex to apply this method to a lunar lander. The lack of space heritage is also one of the limitations of its application to an actual lunar mission.
Therefore, an RHU might be more suitable for the night survival of a lunar lander as compared with the previous technologies in terms of the system simplicity and reliability. However, the thermal control of a lunar lander with the use of an RHU is still an issue because the continuous heat generation of an RHU during daytime would lead to overheating of the on-board equipment. The increase in radiator area to prevent overheating leads to a larger number of RHUs for nighttime, which consequently becomes a vicious cycle of thermal design. Therefore, a more effective thermal design is required to ensure the temperature stability of a lunar lander during both day and night periods.
One of the potential risks of a lunar lander is the fatigue failure of a solder joint owing to the accumulated thermal stresses induced by a mismatch between the coefficients of thermal expansion of the printed circuit board (PCB) and electronic package. For example, a malfunction of the system mission timer caused by a cracked solder joint owing to thermal stress was reported during the Apollo 11 mission [17] . This indicates that a proper thermal design is essential not only for thermal control but also for ensuring mechanical reliability of the solder joint. In this regard, the minimum operating temperature of electronic equipment during nighttime is an important factor because it determines the temperature variation in electronic components, which affects the level of thermal stress on the solder joint. Thus, the mechanical reliability of the solder joint can be enhanced as the minimum operating temperature is increased to reduce the temperature variation. However, this also leads to an increase in the number of RHUs required for night survival. Therefore, an optimal operating temperature to minimize the power and mass budgets of a lunar lander guaranteeing the mechanical reliability of the solder joint should be investigated considering the thermal cycling of a lunar lander during its mission lifetime. However, this has not yet been investigated in previous studies.
In this study, we performed preliminary thermal design and analysis of a lunar lander for ensuring survivability under the lunar thermal environment, especially during the nighttime. A thermal model that can simulate the lunar surface temperature was constructed and validated by comparison with Apollo 17 data, by using commercial thermal modeling and analysis tools of Thermal Desktop [18] and Systems Improve Numerical Differencing Analyzer/Fluid Integrator (SINDA/FLUINT) [19] . Based on the thermal model, the effectiveness of the thermal designs of a lunar lander with various thermal hardwares (H/Ws) was investigated through numerical thermal analysis according to landing candidate areas in terms of the required power of RHU for night survival. Consequently, we identified the most feasible thermal design for the night survival of a lunar lander. In addition, we also analyzed the mechanical reliability of a solder joint of electronic components in accordance with 2 International Journal of Aerospace Engineering the operating temperature range determined by the number of RHU because it is important for reducing the system power and mass budgets of the lander during nighttime.
Construction of Thermal Model of Lunar Regolith
2.1. Overview of Lunar Thermal Environment. The thermal environmental conditions on the lunar surface include incident solar flux, albedo, planetary infrared (IR) flux, and imposed heat flow in the subsurface, as summarized in Table 1 [8] . The table also lists the maximum and minimum temperatures of the lunar surface according to different latitudes, which have been measured by a lunar reconnaissance orbiter [20] . The temperature of the lunar surface at the equator (latitude 0°) ranges from 117 to −178°C owing to the absence of an atmosphere, the low thermal conductivity and capacity, and the high absorptivity and emissivity values. In addition, the planetary IR flux reaches the maximum value of 1314 W/m 2 with respect to the incoming solar flux of maximum 1414 W/m 2 . This IR flux intensity is more severe than that of the Earth's surface or on-orbit environment [8, 9] .
In addition, the lunar surface is distinguished into different regions such as a highland and a lunar mare. In general, a highland is brighter than a lunar mare, and it also has higher albedo. The albedo value ranges from 0.076 to 0.297 according to the brightness of different regions [21] . These environmental conditions indicate that the different latitudes and different regions of landing area should be considered in the thermal design of a lunar lander. Therefore, in this study, we determined five landing candidate areas as shown in Figure 1 . Here, areas 1 and 2 correspond to a highland and lunar mare at the equator with the latitude of 0°, respectively. Areas 3 and 4 correspond to a highland and lunar mare at the mid-latitude of 45°, respectively, and area 5 corresponds to the highland of a polar region with the latitude of 88.5°under the assumption that the incidence angle between the sun and lunar surface is 1.5°and the nighttime lasts for 14.75 days.
Thermal Model of Lunar Regolith.
Prior to the preliminary thermal design and analysis of the lunar lander, a reliable thermal model of the lunar regolith is essential to effectively simulate the surface temperature variation with the moon's rotation. In a previous study, Christie et al. [22] constructed a thermal model of the regolith using a commercial software called thermal analyzer system (TAS) and validated it by comparing the analyzed surface temperature with that measured by the Apollo 17 mission. As the TAS cannot simulate the variation in the sun incidence angle according to the moon's rotation, the authors simulated it by changing the flux magnitude with a sine function. However, the thermal analysis of a lunar lander using this method suffers from a limitation because it cannot effectively simulate the continuously varying orientation of the sun with respect to each panel of the lander.
To overcome the limitations of the aforementioned approach, thermal analysis was performed by using the SINDA/FLUINT and the CAD-based geometric interface of Thermal Desktop to construct a thermal mathematical model (TMM). The TMM and the output of a RadCAD, which is a module that calculates radiation exchange factors and environmental heating rates based on a Monte Carlo ray-tracing algorithm, are used as the input of SINDA/ FLUINT. Therefore, by using the SINDA/FLUINT with the RadCAD, the variation in the sun incidence angle according to the moon's rotation and the latitude of the landing area can be effectively simulated, in contrast to the TAS. Figure 2 shows a TMM of the lunar regolith constructed using the Thermal Desktop. The regolith consists of dust and underlying soil layers, which are modeled using two separate brick elements to reflect the variation in their material properties. Each layer has the area of 100 m × 100 m where the nodes are placed in a 10 m × 10 m grid along the in-plane directions of the X-and Y-axes. However, the nodes in the center area of 9.9 m × 9.9 m are placed in a finer manner in a 0.3 m × 0.3 m grid to simulate a shadow effect owing to After creating the geometry of the regolith, the material properties summarized in Table 2 were applied to each layer. The thermo-optical properties were applied only to the +Z side of the dust layer where the radiation heat exchange with the outer thermal environment occurred. The thermophysical properties such as density and specific heat were applied as fixed values, but the thermal conductivity was applied as a temperature-dependent value because this is the most dominant factor in simulating the lunar surface temperature. The thermal conductivities of the dust and soil layers as a function of absolute temperature T (kelvin) can be derived from the following empirical formulae [23, 24] : 
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In addition, the contact conductance between the dust and soil layers was simulated using a contactor. The contact conductance h can be expressed as follows [25] :
where k eq is the equivalent thermal conductivity of the dust and soil layers; A and L are the area and thickness, respectively, of a virtual interface layer between these layers, which was assumed to exist for calculating h. Through preliminary analysis, the value of L was determined to be 0.01 m. Thus, k eq can be calculated as follows [25] :
Finally, the imposed heat flow of 0.031 W/m 2 shown in Table 1 was applied as a heat load on the −Z side of the soil layer.
After the model construction, we performed thermal analysis to validate its effectiveness by comparing the surface temperature with that measured by the Apollo 17 mission. In the analysis, the absorptivity and albedo values of the lunar surface and the latitude were set to 0.87, 0.13, and 20°, respectively, to simulate the thermal environment of Apollo 17 landing area. Figure 3 shows the thermal analysis results of the time profile of the lunar surface temperature. The results obtained from the Apollo 17 mission [26] are also presented here for comparison. The figure shows that the analyzed surface temperature variation is similar to that obtained from the Apollo 17 data. The maximum and minimum surface temperatures are 102.5°C and −178.5°C, respectively, showing differences of 2.8°C and 6.7°C, respectively, compared with those of the Apollo 17 mission. These results indicate that the thermal model constructed in this study effectively simulates the actual lunar surface temperature similar to the model proposed by Christie et al. [22] .
Numerical Investigations of Thermal
Designs for Night Survival 3.1. Overview of Thermal Analysis. To determine the most feasible thermal design for a lunar lander under the lunar thermal environment, a TMM of an example of lunar lander was created using Thermal Desktop as shown in Figure 4 (a).
As the critical system design of the lander has not yet been developed, the lander was simply modeled as a cube-shaped configuration with a single node at its center. It has a volume of 1 m 3 and a mass of 500 kg. An aluminum with the thermal conductivity of 167 W/m/K and specific heat of 980 J/kg/K was applied to the lander. The lander was located at the center of the regolith shown in Figure 2 at a height of 30 cm from the surface. This simplified form of the TMM is useful for evaluating the feasibility of the thermal design in the preliminary design phase of a lunar lander, when the detailed system configuration has not yet been established. The heat dissipations of the lander in daytime and nighttime are 120 W and 10 W, respectively. The allowable temperature range of the lunar lander was assumed to be −20°C to 50°C for evaluating the proposed thermal designs.
The thermal design of the lander shown in Figure 4 (a) is composed of a radiator, MLI, and RHU. The radiator was installed on the +Z side of the lander to avoid surface contamination by lunar dust because it significantly degrades the performance of the radiator [9] . The thermal conduction between the radiator and lander was simulated by using a node-to-node conductor function in the software. The thermal conductance of the conductor was assumed to be 2000 W/m 2 /K. The MLI was simply modeled by applying the effective values of solar absorptivity and IR emissivity of 0.05 and 0.05, respectively, on the surfaces of the lander instead of modeling it in detail. This is because the MLI modeling method is currently unimportant, because the focus of this study is to determine a more feasible thermal design for the nighttime survival of the lunar lander by comparing thermal designs with different thermal hardware. The RHU was applied as a heat load on the node of the lander. Table 3 lists the thermal properties of the thermal control hardwares selected for the lander. These H/Ws include an SSM, louver, heat switch, and shutter. The SSM used in this study has fixed values of solar absorptivity of 0.1 and IR emissivity of 0.9. The louver is an active radiator whose emissivity value can be changed as the blades installed in front of the radiator surface are opened or closed by the actuator according to the temperature. The louver used in this study has the absorptivity of 0.17, and its effective emissivity varies from 0.09 to 0.7. The thermal conductivity of the heat switch can be changed by controlling the contact condition between the two separate surfaces according to the temperature. The thermal conductance values of the heat switch used in this study are 6.58 W/m 2 /K and 640.66 W/m 2 /K in open and close states, respectively. These values were applied to the conductor between the lander and the radiator shown in Figure 4 (a). The shutter operates with a similar principle as the louver, but a shutter panel is driven to open or close the SSM radiator, as shown in Figure 4(b) . In case of the shutter, thermal coatings with various optical properties summarized in Table 4 were applied to determine the most suitable coating for the thermal control of the lander. In the analysis, the open/close set points of the louver, heat switch, and shutter were set to 0°C. Figure 5 shows the analyzed temperature profiles of the lunar lander with and without RHU during a lunar day of 708 h when an SSM radiator of area 0.4 m 2 was applied. The figure shows that the temperature of the lander without RHU varies from −110.6°C to 47.5°C. The temperature is maintained above −20°C by employing an RHU of 135 W. However, this leads to an increase in the maximum temperature during daytime up to 74°C, which is 24°C higher than the allowable limit, owing to the continuous heat dissipation of RHU. The increase in radiator area to cool down the lander leads to an increase in the RHU power required for night survival, which could result in oversizing of the thermal control system of the lander. Table 5 summarizes the analyzed maximum and minimum temperatures of the lander with and without an RHU and the required RHU power when the thermal H/Ws listed in Table 3 were applied. The table also summarizes the results obtained using the SSM radiator shown in Figure 5 . Here, the radiator areas were fixed to 0.4 m 2 in all cases for comparison with the SSM radiator. The results show that all the thermal designs require lower RHU power owing to the higher minimum temperature of the lander compared with that of the lander using the SSM radiator. The required RHU power is reduced to 107 W as the minimum temperature of the lander using the SSM radiator with a heat switch is increased by 7.6°C as compared with that of the lander using the SSM International Journal of Aerospace Engineering radiator only. In addition, a similar performance was observed in case of the louver. By applying the heat switch on the louver to maximize the thermal control performance, the minimum temperature is further increased to −99°C and the RHU power is reduced to 96 W. However, the use of the louver induces an increase in the maximum temperature of the lander with RHU to 88°C owing to its higher absorptivity and lower emissivity than the SSM. For the evaluation of the shutter, white paint and solar cell were first applied on the external and internal sides of the shutter in closed state, respectively. This concept has been applied to the lunar rover Lunokhod [10] . The results in Table 5 indicate that the minimum temperature of the lander becomes −95.9°C and the RHU power is reduced to 87 W. This is because the solar cell with high absorptivity and emissivity absorbs the heat emitted by SSM and emits it to SSM again when they face each other as the shutter is closed during the night. However, heat loss through the white paint side of the shutter is unavoidable to some extent. To minimize the aforementioned heat loss, an MLI was applied on the external side of the shutter instead of the white paint. In this case, black or white paints were applied on the opposite sides. The analysis results shown in Figure 6 indicate that the temperature range of the lander using the shutter covered with MLI and black paint is −73.3°C to 46.9°C. This only requires an RHU power of 48 W, which is at least 1.8 times lower than those of the other thermal designs. In addition, the shutter with MLI and white paint also showed a similar performance because of the thermal insulation by the MLI. These results indicate that the active thermal control strategy using a radiator with MLI shutter is most feasible for ensuring the survivability of the lander under an extreme lunar thermal environment with long nighttime among the proposed thermal designs. Table 6 summarizes the area of the radiator with MLI shutter and RHU power to maintain the lander within the specified allowable temperature range −20°C to 50°C in accordance with the landing candidate areas shown in Figure 1 . The results indicate that the thermal design using a radiator with MLI shutter is effective at all the landing areas via optimization of the radiator area and RHU power. In particular, the lander is also expected to survive even at the polar region, which is much colder than the other areas, as long as sufficient power generation is possible in spite of the continuously changing length of nighttime according to the season.
Thermal Analysis Results.
In this study, we also investigated the influence of the lunar surface features on the thermal response of the lander. Accordingly, TMMs of the regolith with valley and boulder were constructed as shown in Figures 7(a) and 7(b) , respectively. The valley shown in Figure 7 (a) is 85.24 m in width and 21.8 m in depth. The lander was located near the valley at a distance of 2 m. The boulder shown in Figure 7 (b) was assumed to be a hemisphere with a diameter of 4 m and was placed adjacent to the lander at a distance of 2 m. The material properties of the boulder were obtained from the report by Vasavada [24] . Figure 8 shows the temperature profiles of the lander on the following surface features-flat surface, boulder, and valley. The results indicate that the temperature of the lander near the valley is slightly lower by less than 1.4°C (which is a negligible value) compared with that on the flat surface. However, the maximum temperature of the lander near the boulder becomes 52.7°C, which is 4.2°C Table 6 : Optimal radiator area and RHU power for a lunar lander at various landing candidate areas. 7 International Journal of Aerospace Engineering higher than that on the flat surface owing to the IR heat flux emitted from the boulder in daytime although all the panels except the +Z side are covered with the MLI. These results indicate that the influence of IR heat energy emitted by a boulder or mountain should be considered in the thermal design of the lander.
Prediction of Mechanical Reliability of the Solder Joint
The thermal analysis results indicate that the use of RHU could be a feasible solution for the night survival of the lander. However, the amount of required RHU power depends on the minimum operating temperature of the onboard electronic equipment. Figure 9 shows the required power and mass of the RHU according to the minimum operating temperature of the lander. This was estimated from the thermal analysis results shown in Table 6 under the assumption that an LWRHU [14] with the output power of 1 W and mass of 40 g per unit was used for the lander. The figure shows that the power and mass of RHU increase as the minimum operating temperature is increased. For example, the power and mass of RHU are 30 W and 1.2 kg, respectively, when the minimum operating temperature is −40°C. If the minimum operating temperature is increased to 0°C, the power and mass increase to 65 W and 2.6 kg, respectively, which are 2.17 times larger than the corresponding values at −40°C. In addition, this would also require a larger area of the radiator owing to the increase in the maximum temperature during daytime. However, the mechanical safety of a solder joint under lunar thermal environment might not be ensured owing to the increased temperature variation if the minimum operating temperature is too low. Thus, the optimal operating temperature should be determined for reducing the system power and mass budgets of the lander as much as possible. Therefore, in this study, the mechanical reliability of a solder joint under a lunar thermal environment during a International Journal of Aerospace Engineering mission life of 1 year was analyzed using a reliability and life prediction software called Sherlock [27] . In addition, the results were compared with those obtained under a low earth orbit (LEO). Sherlock has been widely used in various fields including automotive, electronics, defense, and aerospace engineering. This tool analyzes the reliability of electronic components based on the physics of failure combined with finite element analysis (FEA) for given environmental loads such as thermal cycling, vibration, and mechanical shock. In addition, this tool reduces the analysis time compared with the typical FEA tools as it automatically constructs a finite element model (FEM) of electronic PCB with various types of electronics packages based on the Gerber or ODB+ + files, which include information on the PCB layer, package, and solder joint. The reliability of the software program Sherlock has been validated in a previous study by Park et al. [28] . They performed the reliability prediction of a solder joint of plastic ball grid array (PBGA) package and thin-shrink small outline package (TSSOP) under launch random vibration using Sherlock. The results of the fatigue test of the PCB specimen under random vibration indicated that the difference in time-to-failure of the solder joint between the prediction and test is only 7.14%. Figure 10 shows the FEM of a PCB constructed using its Gerber file. A total of 28,598 elements and 116,585 nodes were used in the FEM. The FR-4 PCB has the dimensions of 121 mm × 107.3 mm × 1.65 mm and mass of 65.6 g. Five PBGA packages (U1, U4, U5, U6, and U9) with 324 solder balls and four TSSOPs (U2, U3, U7, and U8) with 48 gull-wing lead frames are applied to the PCB. The solder material used for the PCB assembly is SnPb37 with space heritage. Table 7 lists the specifications of the electronic packages.
For the reliability prediction of a solder joint under thermal environment, Sherlock uses the modified Engelmaier model. The in-plane shear strain on the solder joint, Δγ, is calculated as follows:
where C is a geometry-dependent constant, L D is the diagonal distance from the neutral point of the package, Δα is the difference in thermal expansion between the die and package substrate or PCB, and ΔT is the temperature difference of the thermal cycle. The calculated Δγ is used to calculate the strain energy on the solder joint, ΔW, as follows:
where F is the shear force and A s is the area of the solder joint. The calculated ΔW is used to predict the number of cycles to failure, N f , of the solder joint under thermal load by using (6) or (7) as follows with the solder materials SnPb37 or SAC305, respectively.
Figures 11(a) and 11(b) show the time histories of failure probability of the U5 and U2 packages exposed to the lunar thermal environment for 1 year according to the various operating temperature ranges when the maximum temperature is fixed at 50°C. These results were obtained by applying 12 thermal cycles for 1 year considering the moon's rotation period of 29.75 days. The figures show that the failure probability of the packages exponentially increases as the minimum operating temperature is decreased because Δγ acting on the solder joint is proportional to ΔT, as shown in (5) . The failure probability of the U5 package with the operating temperature range from −40°C to 50°C becomes 2.85 × 10 −6 % after 1 year, whereas it is only 1.11 × 10 −14 % for the U2 package under the same conditions. This is because the TSSOP with gull-wing lead frames is more flexible with respect to the thermal deformation in the in-plane direction of PCB compared with the PBGA solder joints.
Figures 12(a) and 12(b) show the analysis results of the U5 and U2 packages exposed to the thermal environment in LEO during 1 year under the same operating temperature ranges, for comparison with the results shown in Figure 11 . In the analysis, 5400 thermal cycles expected in the LEO of altitude 600 km during a year were applied to the PCB. The figures show that the failure probability of the packages after 1 year is much higher than the failure probability of those exposed to the lunar environment. In particular, the failure probability of the U5 package reaches 19.8% after 1 year when the operating temperature range is from −40°C to 50°C, which is 7 × 10 6 times higher than the results shown in Figure 11(a) . Table 8 summarizes the results of failure probability of the solder joint after 1 year of exposure to the thermal environments on the moon or in the LEO. The results indicate U1, U4, U5, U6, U9 U2, U3, U7, U8 International Journal of Aerospace Engineering that the minimum operating temperature for the on-board electronics of the LEO satellite should be sufficiently high to ensure the mechanical safety of the solder joint during an entire mission lifetime owing to the much larger number of thermal cycles compared with that in the lunar surface. However, in case of a lunar lander, the minimum operating temperature can be decreased to minimize the use of RHU for reducing the power and mass budgets of the lander because the failure probability of the solder joint remains an extremely lower value than that in the LEO environment. These analysis results demonstrate that the mechanical reliability of solder joints under the lunar thermal 
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International Journal of Aerospace Engineering environment is ensured, even if the set point of the heater becomes close to the minimum allowable temperature limit of the lander's electronics.
Conclusions
In this study, we performed preliminary thermal design of a lunar lander to determine the most feasible design for ensuring survivability under harsh lunar thermal environments, especially the nighttime. To simulate the thermal environment conditions on the lunar surface, a reliable TMM of the lunar regolith was created and validated through the comparison of the analyzed surface temperature with that measured by Apollo 17. Based on the TMM of the regolith, thermal designs of the lander with various thermal control H/Ws were numerically investigated in accordance with the various landing candidate areas. The analysis results indicate that the SSM radiator with a shutter covered with MLI is the most feasible way to maintain the temperature of the lander within the allowable range among the other thermal designs proposed in this study. In addition, the mechanical reliability of the solder joint was evaluated according to the various operating temperature ranges of the on-board electronic equipment of the lander. The results indicate that the failure probability remains an extremely low value even after 1 year of mission owing to the much smaller number of thermal cycles on the lunar surface. This indicates that the minimum operating temperature can be decreased as compared with that of the LEO satellites for saving the system power and mass budgets of the lander.
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